The oxygen isotope fractionation factors between the hydration complex of the alkali ions in the gas phase and a free water molecule have been computed on the basis of the energy surfaces calculated by Kistenmacher, Popkie and Clementi for a water molecule in the field of an alkali ion. For comparison with recently measured oxygen isotope fractionation factors in aqueous alkali halide solutions, the gas phase values are multiplied with the corresponding separation factors between water vapor and liquid water thus relating the hydration complex in the gas phase with pure water. Qualitative agreement between computed and observed fractionation factors has been found for H20 and D20 even neglecting the isotope effect connected with the transfer of the hydration complex from the gas phase to the solution. This transfer effect is estimated for H20 by a quantitative comparison of computed and observed oxygen isotope fractionation factors.
I. Introduction
In a paper recently published 1 The gas-phase oxygen isotope fractionation between cationic hydration water and free water has not been measured. In order to relate ÖHW-BW i n aqueous solution with the corresponding separation factor in the gas phase, information on the transfer of free water to bulk water and of the hydration complex from gas phase to the solution is necessary.
The relation between free water and bulk water is directly given by the vapor pressure isotope effect 5 .
There exists no similar obvious relationship for the transfer of the hydration complex. It might be expected that by forming the hydrogen bonds between the first and the second hydration sphere in the solution the ion-oxygen bond becomes weaker, while librational and wagging frequencies increase. In respect to the oxygen isotope effect both changes tend to cancel, at least partly. Therefore, it seems to be justified in a first approximation to use the same partition function ratio for the hydration complex in the gas phase as well as in solution. A difference in geometry of the hydrated ion seems to exist between gas phase and solution. Clementi and coworkers have found that the absolute minimum of the potential energy occurs when the dipole moment of the water molecule is directed towards the ion, while x-ray and neutron diffraction studies 6 as well as molecular dynamics calculations 7a indicate that in the solution a lone pair orbital of the water molecule is directed towards the ion. This difference in geometry can be taken into consideration in the gas phase computations.
In principle, it w r ould be possible to calculate also the influence of the anions on the oxygen iso- 
II. Details of the Calculations
The calculations were performed using the Wolfsberg and Stern version 9 of the Schachtschneider program to obtain the equilibrium isotope effects from the normal frequencies of vibration on the basis of the Bigeleisen formalism. Thus, the isotope effects are developed within the harmonic approximation in terms of geometries, internal coordinates and corresponding force constants.
The oxygen isotope fractionation was calculated between a free water molecule and the hydration complexes of Li + , Na + , K + and Cs + . Experimental 6 and theoretical 7 considerations yield a hydration number of 4 for the Li + in aqueous solutions. Table 1 . The force constants employed for the various ions are given in Table 1 . Accepting the potential surfaces given by Kistenmacher, Popkie and Clementi 2~4 , the overall accuracy of the calculated oxygen isotope fractionation factors between the hydrated complex and the free water molecule in the gas phase should be better than 1.5°/oo.
The calculations were performed on the CDC 3300 of the computer centre at the University of Mainz.
III. Results and Discussion
The computed oxygen isotope fractionation factors between hydration water and free water in the gas phase, «HW -FW ? AR E given in the temperature range 0-100 °C as a function of l/T for Li + , Na + , K + and Cs + in Figure 2 . The computations are based on the force constants as given in Table 1 In order to compare the computed oxygen isotope fractionation factors between hydration water and free water in the gas phase with the ones measured in aqueous solutions 1 , a fractionation factor O'HW-BW is defined by
where ctw(g)-W(i) is the oxygen isotope separation factor between water vapor and liquid water. (1) the 18 0/ 16 0 ratio of the hydration complex in the gas phase is related to 18 0/ 16 0 in pure liquid water. In order to complete the transfer from the gas phase to the solution a fractionation factor would be necessary relating the oxygen isotope ratio of the hydration complex in the gas phase with the one in the aqueous solutions. But there is no information available for quantitative statements. Qualitatively it can be expected that the ion-oxygen bond becomes looser while the force constants for the bends, wags and torsions increase by going from the gas phase to the solution. As these changes might at least partly cancel in respect to the oxygen isotope effect, it seems to be justified to compare the a H\V-BW with the measured values in a first approximation. In addition it should be kept in mind that by doing this comparison the influence of the anion on the structure of the bulk water is neglected. The fractionation factors a HW-BW are given in Fig. 3 in the temperature range 15 -90 C, the range for which awfe)-W(i) values are available. The full lines refer to HoO and the dashed lines to D.>0. In Table 2 the ° HW-BW values are compared with the measured fractionation factors between hydration water and bulk water in aqueous alkali chloride solutions at 25 °C 1 . As there is good evidence 6-7:1 that in solution a lone pair orbital of the water molecule is directed towards Li + only Li + (b) should be considered for the comparison with the experimental results.
The interesting features of the results can be seen qualitatively in Figure 3 . In H20 for the whole Table 2 ) and with other kinds of measurements if positive and negative hydration of ions are defined by the enrichment and depletion of the heavy oxygen isotope in the hydration water relative to bulk water respectively (see e.g. Samoilov 13 ). In spite of the approximation in respect to the transfer of the hydration complex from the gas phase to the solution, the absolute values of the isotope effects CI'HW-BW -1 decrease with increasing temperature as expected for all ions except Na + which shows no temperature dependence. As Ö'HW-BW>1 for Na + the temperature independence combined with the fact that in the measurements no isotope effects has been found for a NaCl solution seems to indicate that a systematic deviation exists between computations and measurements. Possible reasons for this systematic deviation are discussed below where the shift is employed for a quantitative discussion of the results.
The general increase of the CZ'HW-BW by going from HoO to DoO explains qualitatively the results of the measurements in aqueous solutions (see Table 2 ), except for Na + where no isotope fractionation has been found neither in H20 nor in D.,0. Table 2 for 25 C, with the exception of Cs + where the measurements have been made at 4 c C 14 and OC'HW-BW heing determined for the same temperature by linear extrapolation from the 1/7 1 dependence in Figure 3 . As the observed fractionation factors depend upon the assumed hydration number n, these values are given for n = 4 and n = 6. There seems to be no doubt that for Li + n = 4 is cor- ; an increase would lead to a higher isotope effect for Na + and therefore a larger deviation from the measured value. A change of the force constants for the hydration complex in the gas phase in order to achieve agreement seems not to be justified.
The effect of the anions on the structure of bulk water can not explain the difference between computations and measurements because it -would result in a structure breaking which means a larger computed isotope effect for the positively hydrated cations and therefore an increased deviation from the observed values.
The transfer of the hydration complex from the gas phase to the liquid results in an additional interaction of the hydration water with the bulk water. This additional interaction is expected to lead to a lowering of the 10 stretching force constants and an increase of the force constants for bends, wags and torsions. In other words, the hydration water becomes more bulk water like. Therefore the absolute value of the isotope effect | Ö' HW -BW -1! should become smaller and the amount of the shift should depend upon the size of the isotope effect. Taking the difference between computed and observed values for Na + as a measure of the transfer effect, slightly larger shifts are expected for Li + (b) and Cs + . In both cases practically quantitative agreement is achieved for both of these ions in the limits of error, if for Li + a hydration number of 4 and for Cs + n = 6 is assumed. In the case of K + there is agreement between computed and observed isotope effect without a transfer shift if n = 6 is considered as reasonable. The shift is expected to be smaller for K + than for Li + and Cs + , but it is hard to guess if agreement is still given in the limits of error. Concluding the discussion of the isotope effects in HoO it can be stated that the computed isotope effects can explain the experimental results almost quantitatively if the difference for Na + is taken as a measure of the effect occurring during the transfer of the hydration complex from the gas phase to the liquid.
In DoO the discrepancies between computed and observed isotope effects are more complex. There is quantitative agreement in the case of Cs + in the limits of error. While for K + the change of sign of the isotope effect is reproduced in the computation, the absolute value of it is much smaller compared with the measurements. As in the case of Li + (b) the value for n = 4 has to be used for comparison, again a remarkably larger effect has been measured. In the case of sodium no isotope effect has been measured but a large effect has been computed. It is obvious that in DoO the transfer of the hydration complex from the gas phase to the liquid alone can not explain the discrepancies as it was possible for HoO. The strong anion dependence found for KCl, KBr and KJ solutions indicates that in DoO the influence of the anions on the structure of bulk water is not negligible. As discussed above, this effect would lead to an increase of the isotope effect for positively hydrated ions and could at least partly explain the higher measured values for K + and Li + . For quantitative statements it would be necessary to calculate the isotope fractionation between hydration water of anions and free water. The energy surfaces are available 8 but the problem is that the uncertainty about the isotope effect connected with the transfer of the anion complex from the gas phase to the solution is much bigger than in the case of the cations because the oxygen atoms become directly involved in hydrogen bonds in the liquid. Therefore, computed and measured oxygen isotope fractionation factors can be compared only on a qualitative basis in the case of DoO.
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